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Single and multi-particle passive microrheology of low-density fluids using sedimented microspheres P. Dom ınguez Garc ıa 1,a) We present a technique of passive microrheology based on tracking micron-sized particles which are denser than the surrounding fluid and therefore they sediment into a quasi two-dimensional layer. Theoretical corrections for the diffusion coefficient of polystyrene, magnetic, and melamine resin microspheres, situated at different average heights above the bottom of the container cell, allow to unify the corresponding results for the zero-shear viscosity and the dynamic modulus on low-density fluids, such as low-concentration mixtures of glycerol and poly(ethylene oxide) in water and 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid. Limitations of the experimental and data analysis methodology are discussed by developing experimental-like simulations of Brownian fluids. Mechanical properties of fluids are usually studied experimentally by rheological measurements by means of conventional capillary or torsional rheometers. In the last decades, microrheology 1 (MR) in its very diverse experimental variations 2 has been consolidated as a complementary technique to bulk rheology. MR analyzes the movement of micro-nanospheres, also called particles or beads, inside a probe fluid allowing to study the local mechanical properties 3 of complex fluids. 4 MR techniques can be classified into single or multi-particle categories or, from a different point of view, into passive or active microrheology. Singleparticle MR only focuses on one object which just explores a certain region of the fluid, but needs very good statistics to obtain reliable rheological results. Multi-particle MR is better for featuring the whole fluid, but introduces the issue of tracking in video-microscopy experiments. 5 An intermediate and quite useful method is two-particle MR, 6 specially when dealing with inhomogeneous materials or when effects derived from the colloid surface chemistry are important, 7 but extensive experimental data are also required for it. In passive MR, the beads are only moving because of thermal fluctuations, whereas we talk of active MR if some additional external force is applied. For example, optical forces 8 and single-bead MR can be combined to produce very precise studies of Brownian motion. 9 However, the external forces in active MR modify pure thermal fluctuations and therefore theoretical 10 and experimental 11 discussions are needed to derive the rheological properties of the fluid. Passive MR has the problem of sedimentation and confinement and that is why very light or small particles should be used to avoid those effects, increasing the instrumental limitations, specially regarding video-microscopy. Moreover, the study of some substances, such as chemically active liquids, may need denser non-active particles to use the microrheological technique.
In this work, we deal with such experimental needs by describing a simple methodology for quantitative MR using sedimented microspheres. The MR simplest version consists on tracking the path of an isolated particle immersed in the medium by capturing images with an equal time lapse s. The Brownian particles' diffusion coefficient can be obtained from the probability distribution of the displacements of their centers of mass, Dr, on every time lapse s, i.e., qðDr; sÞ ¼ ð4pD 0 sÞ À1 exp ÀDr 2 =ð4D 0 sÞ : If the Gaussian width is named as w, we obtain the experimental diffusion coefficient by means of D exp ¼ w 2 =8s and then, by applying the wellknown Stokes-Einstein expression D 0 ¼ k B T=6pg 0 a, where a is the particles' radius and g 0 is the fluid viscosity at zero shear, we obtain that g exp ¼ k B Tð6paD exp Þ À1 . However, when the sedimentation of the microparticles cannot be neglected, the experimental diffusion coefficient differs from the expected Stokes-Einstein prediction because it depends on the vertical position, z, of the particles above the bottom wall of the fluid container. The theoretical expressions for the diffusion coefficients for motion perpendicular, D ? , and parallel D k to the wall are the following:
where a arccosh (z/a) and z is the particle's vertical position from the bottom of the container, and
To estimate z, we will assume here a Boltzmann density profile lnqðzÞ / Àz=L G , where L G is the Boltzmann characteristic length. Consequently, we use the Boltzmann probability a)
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where N B ðzÞ is the normalization of P B ðzÞ and where dðz; gÞ is a correction due to of the vertical movement: during each time window of span s, the particle typically explores a region of size 2d with dðz; gÞ ¼ 1 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2sD ? ðz; gÞ p . We have made the dependencies with g explicit in these expressions, because that is the quantity we wish to estimate.
Our experimental setup 15 is formed by a cylindrical cell, where the probe fluid is located, composed of two horizontal quartz windows separated by a gap of width L ¼ 100 lm and an inner diameter of 6.5 mm. The cell is surrounded by a thermostatic bath to control temperature, which is set to T ¼ 303 K to improve the diffusion of the microparticles. Suspensions of commercial micro-beads are dried and then added to the probe fluid and mixed by an ultrasound bath. The contents of the cell are observed by a Retiga CCD Camera attached to a Navitar long working distance microscope with zoom capabilities. The video-microscopy setup can obtain images every s ¼ 0:3 À 0:4 s at full resolution and every 40 ms when we track only one particle. The images are stored on the computer and analyzed using our own developed software. 16 The software detects the contour of the projected images of the microspheres and stores the position of their centers of mass for subsequent physical analysis. We use three kinds of beads: polystyrene (PS) with diameter d ¼ 1.21 lm, magnetic (PS and magnetite at 24.7%) with d ¼ 2.31 lm, and melamine microspheres with d ¼ 1.88 lm. Magnetic particles are used for microfluidic studies 17 or in magnetic fluids, 18 whereas chemically non-active melamine resin-based microparticles are useful to study organic liquids and biomaterials. The densities of these microspheres are q p ¼ 1:01, 1.32, and 1.51 gr/cm 3 , respectively. These particles have been inmersed at a very low concentration into a mixture of water and glycerol at 20% with density q ¼ 1:044 gr/cm 3 and viscosity g 0 ¼ 1:31 mPa s. Typical Gaussian statistics for particle displacements are shown in Fig. 1 and results for g exp are summarized in Table I .
The value for g exp obtained through light PS particles differs from the expected theoretical result, because their elevated position average position (h ¼ 25.6 lm) from the bottom of the cell generates a not two-dimensional Brownian motion. On the other hand, the very sedimented particles (h $ 1 lm) give an excellent agreement. This method can be applied to the determination of the zero-shear viscosity of the fluid by obtaining an experimental value of the diffusion coefficient and inverting numerically Eq. ( 4 ], which is a Newtonian fluid at this temperature, 22 has been used as an additive in a photopolymerizable material for holographic applications. 23, 24 The density of both fluids at T ¼ 303 K has been measured using a Mettler DM40 digital densitometer, which yields q IL ¼ 26 value which nicely agrees with our microrheological result, but also differs from other viscosity values reported for this IL. 22 Heterogeneity and the influence of impurities and temperature variation seem to be determinant in the viscosimetry studies of these fluids. 
We develop multi-particle MR experiments to extend the single-particle method to the calculation of the dynamic modulus of liquids. and G 00 are the elastic and loss modulus depending on the frequency x of an oscillatory strain and where g Ã ðxÞ is the complex viscosity.
The diffusive motion of the spheres, through their mean square displacement (MSD), can be related to the mechanical properties using the Mason-Weitz approach, which is based on the application of the generalized Stokes-Einstein relation (GSER) 28 and the Mason's approximation, 29 although it is known that this methodology presents several limitations on active materials 30 and on the influence of bead and medium inertia. 31, 32 We assume here that the expression D=D 0 ¼ g 0 =g is expected to be valid at low volume fractions of particles, 33 and that the effects of sedimentation over G Ã ðxÞ can be corrected in a similar way as in single-particle MR. We modify those quantities by correcting them using the D 0 =D d k factor, expecting to obtain a single unified curve which does not depend on the microspheres composition and size. This factor depends on the viscosity of the medium and on the time lapse s, which is changed from one experiment to another. Then, for unknown fluids, first we have to use single-particle MR, then to obtain g 0 and finally to calculate D 0 =D d k for each multi-particle experiment. Beads are added to the fluids in a concentration smaller than 0.02% by weight looking for two-dimensional concentrations / S < 0:01. Our previous results on experiment-like simulations of Brownian fluids show that when / S > 0:01, the elastic modulus is not zero due to interactions between particles and the change on the rate of energy dissipation. 34 In Fig. 2 , we show the results of video-microscopy experiments for the determination of complex moduli and viscosity for glycerol solution at 20% (Fig. 2(a) ) and water-PEO mixture at 1% (Fig. 2(b) ). A good unique curve is obtained for the three types of microspheres using both fluids, confirming the usefulness of the methodology here explained. Zero-shear viscosity, evaluated at x 0 ¼ 2 mHz in all cases, returns averaged values of hg 0 i ¼ 1:360:1 mPa s in the case of water-glycerol (omitting PS result) and hg 0 i ¼ 5:860:4 mPa s for the PEO solution, in good agreement with the expected values. A slight viscoelastic behavior is observed for the water-PEO mixture, but some nonuniformity is clearly detected at higher frequencies. No coherent result is obtained in the case of the LTIL using this experimental setup and methodology, mainly because of a highly irregular shape of the obtained MSD which is probably related to the intrinsic liquid's heterogeneity and to the limitations on the determination of beads' trajectories immersed on fluids with viscosity larger than water.
Several discrepancies can be commented at this point: non-uniformity in the G 0 ðxÞ in Fig. 2(b) and variability on the results using "fast" ($1 mPa s) and "slow" ($100 mPa s) fluids. To evaluate the reach of the MR computation methods and image analysis, we perform Brownian dynamics simulations of two-dimensional particles, i.e., hard-disks for subsequent analysis as if they were experimental data, method which has been tested before to explore colloid-colloid attractions. 34 The comparison between the zero-shear viscosity value obtained from simulations and the input g 0 will give us an estimation of the error introduced on the MasonWeitz approach on this particular experimental setup. The Brownian disks only interact through Brownian motion and hard-disk forces to avoid overlapping. Looking for the analogy with experiments, we perform simulations of 200 particles with d ¼ 1.88 lm, / S ¼ 0:005, using an internal time step equal to 1 ms, but where the data are saved on lapse times s ¼ 0:3 s during 2 h, as in experiments. Three constant viscosities have been employed: g 0 ¼ 3:026, 12.705, 188.486 mPa s, imitating the effective values on experiments with melamine resin beads. We use three types of boundary conditions: a soft repulsion for the particle near the box boundaries, periodic and no boundary conditions. Besides, to evaluate the error associated to image analysis, we generate experimental-like images of 1000 Â 1000 px on TIF format from the simulation data and, to imitate the potential effects because of image quality, we perform a degradation by compressing those images to a 20% in JPG format. Then, we apply our software to analyze those images and to compare with the original data from simulations.
The microrheological analysis of the data from simulations provides relative errors on the zero-shear viscosity, evaluated at x 0 ¼ 2 mHz, which increase when the input value for the fluid viscosity is lower: 4%, 2%, and 1% relative errors for g 0 with the lowest viscosity value and the relative error increases when the boundary is more spatially confined: 5% for box, 4% for periodic, and 3% without boundary conditions. For "fast" fluids, the boundary conditions modify the physical results, something that can be related to the results from PS-particles, which are not clearly 2D-confined creating experimental deviations. Regarding the effect of image analysis, the relative error on the obtained zero-shear viscosity grows about 3% for both types of images, and introduces an apparent viscoelastic behavior 35 when viscosity is incremented, specially on the degraded images. Figs. 3(a)-3(c) show the appearance of the non-zero G 0 ðxÞ when g 0 is increased and when the images are of minor quality. For higher viscosity values, the disks displacements from frame to frame are smaller than the precision of the particle border detection, generating a dynamic error on the recorded position of particles, producing deviations at higher frequencies and a spurious viscoelastic behavior. 36 Therefore, the variations observed for G 0 ðxÞ in Fig. 2 (b) at higher frequencies appear, not because of the differences on the bead characteristics, but because of not enough resolution in the determination of the microspheres position. We confirm the appearance of the spurious G 0 ðxÞ by adding a random number in the range of 62:0 ffiffiffiffiffiffiffiffi D 0 s p to the saved position of the simulated particles. The analysis of these data produces Fig.  3(d) , where the apparent viscoelastic behavior is clearly manifested. Then, the simulations show that the image analysis and extraction of the particles position are especially sensitive when water-like viscosity fluid fluids are used, being that the possible origin of the bad results for the multiparticle tracking technique applied to the ionic liquid.
To summarize, we have explored an experimental methodology for the quantitative determination of the mechanical properties of low-density fluids by single and multi-particle microrheology using different sedimented microspheres. We evaluate the limitations on our experimental approach on multi-particle MR by means of experimental-like simulations of Brownian fluids, which show that the methods for image analysis, tracking, and obtention of physical quantities are reliable enough to approve the unified curve on Fig. 2 .
However, further investigations should be developed to confirm the general usefulness of this methodology to study generic complex fluids.
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